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Abstract 1 6
Genetically encodable calcium ion (Ca 2+ ) indicators (GECIs) based on green fluorescent 1 7 proteins (GFP) are powerful tools for imaging of cell signaling and neural activity in model 1 8
organisms. Following almost two decades of steady improvements in the Aequorea victoria GFP 1 9
(avGFP)-based GCaMP series of GECIs, the performance of the most recent generation (i.e., 2 0
GCaMP7) may have reached its practical limit due to the inherent properties of GFP. In an effort 2 1 to sustain the steady progression towards ever-improved GECIs, we undertook the 2 2 development of a new GECI based on the bright monomeric GFP, mNeonGreen (mNG). The 2 3
resulting indicator, mNG-GECO1, is 60% brighter than GCaMP6s in vitro and provides 2 4 comparable performance as demonstrated by imaging Ca 2+ dynamics in cultured cells, primary 2 5 neurons, and in vivo in larval zebrafish. These results suggest that mNG-GECO1 is a promising 2 6 Introduction 2 9
Genetically encodable calcium ion (Ca 2+ ) indicators (GECIs) are a class of single fluorescent 3 0 protein (FP)-based biosensors that are powerful tools for the visualization of Ca 2+ concentration 3 1 dynamics both in vitro and in vivo 1, 2, 3 . As they are genetically encoded, GECI expression can 3 2 be genetically targeted to specific cell types or subcellularly localized to specific organelles. 3 3
Furthermore, their negligible cellular toxicity, minimal perturbation of endogenous cellular 3 4
functions, and biological turnover, make them ideal for long-term imaging experiments 4 . The 3 5
Ca 2+ -dependent fluorescent response of GECIs is routinely used as a proxy for neuronal activity 3 6
due to the transient changes in Ca 2+ concentration that accompany action potentials 5, 6, 7, 8 . 3 7
GECIs have facilitated the optical recording of thousands of neurons simultaneously in the 3 8
surgically exposed brains of mice 9 . Despite their widespread use by the scientific community, 3 9
there are some properties of GECIs that could be further improved. These properties include 4 0
faster Ca 2+ response kinetics, higher fluorescent molecular brightness, and minimized 4 1 contribution to Ca 2+ buffering. Some GECIs have shown aggregation in neurons, and some of 4 2 the most highly optimized GECIs have been demonstrated to cause aberrant cortical activity in 4 3 murine models 10, 11, 12 . 4 4
An important issue that is common to all GECIs is their intrinsic Ca 2+ buffering capacity. 4 5
The Ca 2+ binding domains of GECIs (calmodulin (CaM) or troponin C (TnC)) act as Ca 2+ buffers 4 6
within the cell and must necessarily compete with endogenous proteins for binding to Ca 2+ 4 7 (Refs. 13, 14, 15, 16) . Comprehensive investigations of this phenomenon are limited, but a few 4 8
reports have indicated abnormal morphology and behavior of neurons after long term or high 4 9
expression of GCaMPs 17 . Ca 2+ buffering and competition for CaM binding sites have been 5 0
proposed as possible causes. One solution to the Ca 2+ buffering phenomenon is to reduce the 5 1 reporter protein expression, leading to a lower concentration of GECI and reduced buffering 5 2 capacity. However, reduced expression requires increased intensity of excitation light to achieve 5 3 an equivalent fluorescent signal, which can lead to increased phototoxicity and photobleaching.
4
Another solution is to reduce the number of Ca 2+ binding sites like that in the TnC-based GECIs, 5 5
NTnC 18 and YTnC 19 . Unfortunately, these indicators have relatively low fluorescence response 5 6 (ΔF/F min ~ 1 for NTnC and ~ 10.6 for YTnC) compared to the recent GCaMP7 variants (ΔF/F min ~ 5 7 21 to 145) 20 . Another possible solution is to develop GECIs with increased brightness such that 5 8 they could be expressed at a lower concentration while retaining a similar fluorescent intensity 5 9
with similar intensity of excitation light. 6 0
Further increasing the brightness of GECIs, while retaining high performance 6 1 comparable to the most recent generation of indicators, would provide improved tools for optical 6 2 imaging of neuronal activity and decrease the occurrence of experimental artifacts resulting 6 3
from Ca 2+ buffering and indicator overexpression 17 . Our efforts to realize this advance were 6 4 inspired, in part, by the advent of a bright and monomeric engineered version of GFP from 6 5
Branchiostoma lanceolatum, mNeonGreen (mNG) 21 . Due to its high brightness and its excellent 6 6
performance as a subcellular localization tag 21 , mNG is an exceptionally promising starting point 6 7
from which to develop a brighter GECI. 6 8
Here we introduce an mNG-based genetically encodable Ca 2+ indicator for optical 6 9
imaging (mNG-GECO1) that exceeds the brightness of all variants in the GCaMP series while 7 0
providing performance that is comparable to the latest generation GCaMP variants. Key design 7 1 differences between mNG-GECO1 and the GCaMP series include the GFP portion (mNG 7 2 versus avGFP) and the protein topology (non-circularly permuted mNG versus circularly 7 3 permuted avGFP). 7 4 7 5
Results and Discussion

6
Rational engineering and iterative directed evolution of mNG-GECO1 7 7
We used a combination of rational design, linker sequence optimization, and directed evolution 7 8
to develop mNG-GECO1 ( Supplementary Fig. 1 ). Starting from an unpublished topological 7 9
variant of REX-GECO1 22 , we used PCR to produce a fragment containing CaM linked to the 8 0 RS20 peptide with a short linker ( Fig. 1a) . Insertion of this PCR fragment into the mNG gene 8 1 between residues 136 and 137 (numbering as in PDB ID 5LTR) 23 resulted in a green fluorescent 8 2
indicator prototype which we named mNG-GECO0.1 (Fig. 1) . For the remainder of this 8 3 manuscript, amino acids will be numbered as in the sequence alignment provided as 8 4 Supplementary Fig. 2 . mNG-GECO0.1 had a minimal response to Ca 2+ (ΔF/F min = 0.3), but we 8 5
anticipated that optimization of the sequence around the insertion site would yield a suitable 8 6
template for directed evolution. Indeed, we found that deletion of Ala146, the residue 8 7 immediately preceding the insertion of the Ca 2+ sensing domain, substantially improved the 8 8 response to Ca 2+ (mNG-GECO0.2; ΔF/F min ~ 2). 8 9
Starting from mNG-GECO0.2, we began a process of iterative directed evolution which 9 0 involved screening of libraries created from error-prone PCR or site saturation mutagenesis to 9 1 identify variants with increased brightness and increased response to Ca 2+ . In our primary 9 2 library screen, we used a fluorescent colony screening system equipped with excitation and 9 3 emission filters appropriate for imaging of green fluorescence 24 . Bright colonies were picked and 9 4 cultured overnight in liquid media. A secondary screen for Ca 2+ sensitivity was performed the 9 5
next day using detergent-extracted bacterial lysate. The fluorescence of the lysate for each 9 6 variant was measured in Ca 2+ chelating buffer (30 mM MOPS, 100 mM KCl, 10 mM EGTA, pH 9 7 7.3), and subsequently in Ca 2+ saturating buffer (30 mM MOPS, 100 mM KCl, 10 mM Ca 2+ , pH 9 8 7.3). Dividing the Ca 2+ saturated fluorescence by the Ca 2+ free fluorescence provided an 9 9
approximate but robust measure of each indicator variant's response to Ca 2+ . For each round of 1 0 0 screening the plasmids were isolated for the 6-10 most promising variants and sent for 1 0 1
sequencing. The pool of these most promising variants was used as the template for the next 1 0 2 round of library creation and directed evolution. 1 0 3
Following 7 rounds of iterative directed evolution, E. coli colonies harboring mNG-1 0 4 GECO0.7 were brightly fluorescent after overnight incubation. However, the Ca 2+ response of 1 0 5 mNG-GECO0.7 was remained relatively low (ΔF/F min ~ 5), relative to recent generation GCaMP 1 0 6
variants. We anticipated that optimization of the linkers connecting mNG to the CaM-RS20 1 0 7 domain (mNG-CaM linker and RS20-mNG linker) could lead to the identification of variants with 1 0 8 improved responses. To optimize these linker regions, we used site saturation mutagenesis to 1 0 9 produce libraries of all 20 amino acids within the 3 residues connecting mNG to CaM. Individual 1 1 0 libraries of Leu133, Thr134, and Ala135 were randomized to all 20 amino acids. If a beneficial 1 1 1 mutation was found, the process was repeated for the remaining amino acids until these 1 1 2 libraries were exhausted. By screening of these libraries, we identified two mutations of the 1 1 3 linker region between mNG barrel and CaM: Ala145Gly and Leu143Ile. This variant, mNG-1 1 4 GECO0.9, had a ΔF/F min ~ 12 as measured in vitro. 1 1 5
Following optimization of the mNG-CaM linker, multiple site saturation libraries were 1 1 6 created, using the same methodology as the mNG-CaM linker, for the RS20-mNG linker region 1 1 7
(residues Glu323, Trp324, Cys325 and Arg326). Screening of these libraries led to the 1 1 8
identification of a particularly bright variant with a Cys325Asn mutation. This variant, designated 1 1 9 mNG-GECO0.9.1, is brighter than mNG-GECO0.9 but has a decreased response to Ca 2+ of 1 2 0 ΔF/F min = 3.5. In an effort to improve the performance of mNG-GECO0.9.1, we applied site 1 2 1 saturations to positions previously found to be mutated during directed evolution. Screening of 1 2 2 these libraries for variants with increased brightness and higher ΔF/F min led to the identification 1 2 3 of a variant with Asp206Gly, Phe209Leu, Pro263Phe, Lys265Ser, Thr346Ile and the reversion 1 2 4 of Gly152Glu. This variant was designated as mNG-GECO1. A notable observation from the 1 2 5 directed evolution efforts is the minimal number of mutations in the mNG domain. Only 2 1 2 6 mutations (Lys128Glu and Thr346Ile) were outside the β -strand in which the Ca 2+ sensing 1 2 7 domain was inserted. In contrast, 3 mutations were localized to the β -strand surrounding the 1 2 8
sensing domain insertion site (Leu143Ile/Ala145Gly/Cys325Asn) and 7 mutations were localized 1 2 9
to the CaM domain 1 3 0 (Thr151Ala/Thr180Cys/Asp206Gly/Phe209Leu/Pro263Phe/Lys265Ser/Ala293Gly). 1 3 1
In vitro characterization of mNG-GECO1 1 3 2
We characterized mNG-GECO1, in parallel with GCaMP6s, for direct comparison of biophysical 1 3 3
properties measured under identical conditions ( Supplementary Table 1 ). We found that the 1 3 4 excitation (ex) and emission (em) maxima of the Ca 2+ saturated states to be 497 nm (ex) and 1 3 5 512 nm (em) for GCaMP6s and 496 nm (ex) and 513 nm (em) for mNG-GECO1 (Fig. 1) . The in 1 3 6
vitro Ca 2+ response of mNG-GECO1 (ΔF/F min = 35) was similar to that of GCaMP6s when tested 1 3 7
in parallel (ΔF/F min = 39). The K d of mNG-GECO1 (810 nM) is substantially higher than that of 1 3 8
GCaMP6s (147 nM). This increase in K d is consistent with the faster k off kinetics of mNG-1 3 9 GECO1 (k off = 1.57 +/-0.01 s -1 ) relative to GCaMP6s (k off = 1.06 +/-0.01 s -1 ). There was no 1 4 0 noticeable difference observed between the k on kinetics of mNG-GECO1 and GCaMP6s with 1 4 1 varying concentrations of Ca 2+ (Supplementary Fig. 3 Fig. 4 ). Under two-photon 1 4 6 excitation conditions, both mNG-GECO1 and GCaMP6s have a maximal two-photon cross 1 4 7 section at ~ 970 nm and similar action cross-section (AXS) values of 37.22 GM for mNG-1 4 8 GECO1 and 38.81 GM for GCaMP6s. However, due to its higher brightness at the single 1 4 9 molecule level, the molecular brightness of mNG-GECO1 (21.3) is higher than that of GCaMP6s Table 2 ). 1 7 1
We next characterized the performance of mNG-GECO1 in dissociated rat cortical 1 7 2 neurons alongside GCaMP series indicators GCaMP6s, jGCaMP7s, jGCaMP7b, jGCaMP7c, 1 7 3 and jGCaMP7f (Fig. 2) . Field stimulated neurons expressing mNG-GECO1 had a single action 1 7 4 potential (AP) ∆ F/F 0 = 0.19 ± 0.04, slightly lower than that of GCaMP6s (∆F/F 0 = 0.27 ± 0.09, 1 7 5 Fig. 2a ). For 10 APs, performance of mNG-GECO1 was approximately twofold lower than 1 7 6
GCaMP6s, with ∆ F/F 0 of 1.5 ± 0.19 and 3.1 ± 0.26 for mNG-GECO1 and GCaMP6s, 1 7 7 respectively ( Fig. 2b) . At 160 APs, mNG-GECO1 has a ∆ F/F 0 of 6.5 ± 0.8, slightly lower than 1 7 8
GCaMP6s's ∆ F/F 0 of 9.0 ± 0.47 (Fig. 2c) . The baseline brightness of mNG-GECO1 (1,374 ± 31 1 7 9 AU) was comparable to the baseline brightness of GCaMP6s (1,302 ± 6 AU) and jGCaMP7s 1 8 0
(1,397 ± 11 AU) ( Fig. 2e) . The signal-to-noise ratio (SNR) of mNG-GECO1 and GCaMP6s are 1 8 1 comparable for 1 and 3 AP's ( Fig. 2f) . For 3 AP stimulation, mNG-GECO1 exhibited a half rise 1 8 2 time of 49 ± 1 ms and half decay time of 582 ± 12 ms. Under the same conditions, GCaMP6s 1 8 3 exhibited a half rise time of 65 ± 2 ms and a half decay time of 1,000 ± 36 ms. Field stimulated 1 8 4 neuron data is summarized in Supplementary Table 3 . The overall data in cultured neuron 1 8 5
suggest that the mNG-GECO1 sensor is comparable in signal, kinetics, and baseline brightness 1 8 6
to the GCaMP6s sensor. 1 8 7
In vivo evaluation of mNG-GECO1 1 8 8
To evaluate mNG-GECO1 for in vivo expression in zebrafish neurons, we used a Tol2 1 8 9
transposase transgenesis system to deliver mNG-GECO1 or GCaMP6s under a pan-neuronal 1 9 0
Elavl3 promoter into zebrafish embryos 26 . We tracked expression of mNG-GECO1 over several 1 9 1 days to evaluate the viability of transgenic fish (Supplementary Fig. 5 ). We found no obvious 1 9 2 morphological anomalies during larval development stage of zebrafish expressing mNG-GECO1 1 9 3 or GCaMP6s. 1 9 4
To evaluate the relative performance of mNG-GECO1 and GCaMP6s for imaging of 1 9 5 neuronal activity in zebrafish larvae, we used the same transgenesis protocol to produce 1 9 6
Casper zebrafish lines expressing each indicator ( Fig. 3) . Prior to imaging, 5-6 days post 1 9 7
fertilization Casper fish expressing the sensors were immobilized with bungarotoxin (1 mg/mL) 1 9 8 for 30 seconds followed by a 10 minute incubation in the convulsant 80 mM 4-aminopyridine (4-1 9 9 AP). The fish were then placed in low melting agar and immersed in a solution of 4-AP (80 mM). 2 0 0
Imaging consisted of 5 minute intervals of the hindbrain or midbrain at a recording rate of 3 Hz. 2 0 1
For each indicator, 5 fish were imaged under 6 different field of views resulting in 834 and 1280 2 0 2 individual cells for mNG-GECO1 and GCaMP6s, respectively ( Supplementary Fig. 6 The mNG-GECO1 indicator was compared to other GECIs in a field stimulation assay 37 . 4 9 9
Neonatal (P0) rat pups were euthanized, and their cortices were dissected and dissociated 5 0 0 using papain (Worthington). Cells were transfected by combining 5x10 5 viable cells with 400 ng 5 0 1 plasmid DNA and nucleofection solution electroporation cuvettes (Lonza). Electroporation was 5 0 2 performed according to the manufacturer instructions. Cells were then plated at a density of 5 0 3 5x10 5 cells/well in poly-D-lysine (PDL) coated 96-well plates. After 14-18 days in vitro, culture 5 0 4 medium was exchanged for an imaging buffer solution with a drug cocktail to inhibit synaptic 5 0 5 transmission 37 . The field stimulation assay was performed as previously described 4, 20, 37 . Briefly, 5 0 6 neurons were field stimulated (1, 2, 3, 5, 10, 20, 40, 160 pulses at 83 Hz, 1 ms, 40V), and 5 0 7
concurrently imaged with an electron multiplying charge coupled device (EMCCD) camera 5 0 8 198 Hz, 4x4 binning, 800 x 800 µm, 1,400 frames). Reference images 5 0 9
were taken after stimulation to perform cell segmentation during analysis. (Ashland, MA, US) were first coated with Fibronectin/Gelatin (0.5% / 0.1%) at 37 °C for at least 5 2 0 1 hour. The cells were plated and cultured for three days in Axol's Cardiomyocyte Maintenance 5 2 1
Medium. The cells then were ready for final observation with Tyrode's buffer. For electrical 5 2 2 stimulations, iPSC derived cardiomyocytes were plated on MatTek glass bottom dish (Ashland, 5 2 3 MA, US) at 100,000 cells/well. Electrical stimulation was done with 10 V, 10 ms duration and 3 5 2 4 seconds internal using myopacer (Ion optix c-pace ep). To image, an inverted microscope 5 2 5
(DMi8, Leica) equipped with a 63× objective lens (NA 1.4) and a multiwavelength LED light 5 2 6 source (pE-4000, CoolLED) was used. iPSC derived cardiomyocytes were plated out as above, 5 2 7
and then loaded with 5 μ M Fluo-4-AM (Thermo-Fisher, UK) at room temperature for 10 minutes, 5 2 8 free dye was washed off by media replacement with pre-heated culture media, followed by 5 2 9
imaging with iXon EMCCD (Andor) camera using 488 nm LED illumination. The GFP filter set 5 3 0
(DS/FF02-485/20-25, T495lpxr dichroic mirror, and ET525/50 emission filter) was used for Fluo-5 3 1 4 and mNG-GECO1 observation.
3 2
Imaging of zebrafish larvae.
3 3
To demonstrate the sensitivity and brightness of mNG-GECO1 in vivo, we performed 5 3 4
fluorescence imaging of Ca 2+ activity in a subset of neurons in larval zebrafish. Initially, we used 5 3 5
the AB/WIK zebrafish strain for morphology studies (Supplementary Fig. 4) , which were 5 3 6 treated with 1-phenol-2-thiourea (PTU) to inhibit pigmentation, as described previously 38 . Later, 5 3 7
Casper strains were available and 20 ng/μL DNA plasmids encoding mNG-GECO1 under the 5 3 8
control of nuclear-localized elavl3/HuC promoter (Addgene: 59530) were injected into two-cell 5 3 9
stage embryos of Casper mutant zebrafish 33 with 40 ng/μl Tol2 transposase mRNA (26) to 5 4 0 generate F0 transgenic zebrafish. Imaging experiments were performed using 6 day old 5 4 1 embryos. Embryos showing expression were treated with 1 mg/mL bath-applied α -bungarotoxin 5 4 2 (Thermo Fischer Scientific, B1601) dissolved in external solution for 30 seconds to block 5 4 3 movement, and subsequently incubated with 80 mM 4-aminopyridine (4AP) for 10 minutes. 5 4 4
After incubation, the larvae were embedded in 2% low melting temperature agarose to prevent 5 4 5 motion. For earlier imaging (Supplementary Fig. 4) a Zeiss 700 confocal microscope was used 5 4 6
with A-Plan 10x/0.25 Ph1 M27 objective lens to obtain picture from the whole larvae 5 4 7
( Supplementary Fig. 4a ). For enlarged areas (Supplementary Fig. 4b-e ), a Plan-Apochromat 5 4 8 20x/0.8 M27 lens was used. Later imaging was performed using a 488 nm laser (0.45 μ M) and a 5 4 9 525/50 nm emission filter at 3 Hz using Zeiss 880 confocal microscope. The laser power was 5 5 0 set to 2.3%, gain 720, and pinhole to 29.3% open. Image acquisition, data registration, 5 5 1 segmentation and cell traces were handled using theSuite2p package in Python. All animal 5 5 2 procedures were approved by the Institutional Animal Care and Use Committee at the HHMI 5 5 3 Janelia Research Campus or by the Animal Care and Use Committee: Biosciences at the 5 5 4
University of Alberta. 5 5 a Topology of non-circularly permuted mNG-GECO1 and circularly permuted GCaMP6s. Linker 5 6 0 regions are shown in grey and the two residues that flank the insertion site (residue 136 of mNG 5 6 1 in blue and residue 139 in magenta; numbering as in PDB ID 5LTR) 23 are shown as circles on 5 6 2 both the protein structure and gene schematics. The Ca 2+ responsive domains are shaded light 5 6 3 blue for CaM and light red for RS20. b,e Excitation and emission spectra for each indicator. c 2-5 6 4 photon cross section for each indicator in Ca 2+ saturated or Ca 2+ free states. d Ca 2+ titration for 5 6 5
GCaMP6s (K d = 147 ± 1 nM) and mNG-GECO1 (807 ± 1 nM). f Dependence of two-photon 5 6 6 molecular brightness on excitation power intervals. g Stop-flow kinetics for each indicator 5 6 7
showing mNG-GECO1 (k off 1.57 s -1 ) and GCaMP6s (k off 1.06 s -1 ). h Characterization of 5 6 8
histamine induced Ca 2+ oscillations in HeLa cells with representative traces inset. a-c Average responses to 1, 10, and 160 action potentials for mNG-GECO1 and GCaMP6s. 5 7 4
Shaded areas correspond to s.e.m. for each trace. d Response amplitude ∆ F/F 0 for mNG-5 7 5
GECO1 and the GCaMP series of indicators in response to 1, 2, 3, 5, 10, 20, 40, and 160 action 5 7 6
potentials. Data are presented normalized to ∆ F/F 0 of GCaMP6s. e Baseline brightness for each 5 7 7
indicator, defined as the mean raw fluorescence intensity of all neurons prior to the stimulus. f 5 7 8
Relative SNR, defined as the peak raw fluorescence divided by the signal standard deviation 5 7 9
prior to the stimulus, normalized to SNR of GCaMP6s. g Half-rise time normalized to GCaMP6s. 5 8 0 6 
